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OBSERVATION OF FLOW EXCURSIONS
IN A SIMULATED GAS~COOLED REACTOR PASSAGE

* *%
By Paul Vingerhoet , Edward R. Kolbe and Eli Reshotko
Case Western Reserve University

Cleveland, Ohio

SUMMARY

In the present work the steady state characteristics of helium gas flow-
ing in an electrically heated Nichrome V tube 0.094" ID by 54" long were
obtained for laminar, transitional and turbulent flow. Excursions at constant
pressure drop from an unstable laminar equilibrium point to a stable turbulent
equilibrium point were triggered and observed. The results substantiated the
theory of Reshotko in showing that the time-history of an excursion is directly
related to the heat capacity of the core and that an excursion is non-violent

and non-oscillatory in nature.

* Graduate Student, now at Raytheon Company, Bedford, Mass.
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INTRODUCTION

When the thrusting "burn'" of a nuclear rocket engine is terminated,
some subsequent coolant flow is still required to remove the afterheat due
to fission product decay. The amount of cooling required may be sufficiently
low for laminar flow to exist in the core passages.

In the relevant analysis of the steady flow of a gas in a tube with
friction and heat addition, one finds some interesting peculiarities. At a
constant heat rate to the gas the pressure drop versus flow rate curves are
concave upward in the laminar-turbulent flow regime. This general shape in-
dicates the existence of two possible flow rates for any given pressure drop
at a constant heat rate to the gas. The outlet-to-inlet gas temperature
ratio decreases monotonically with increasing flow rate in the laminar-turbulent
transition region. A representative set of steady-state characteristics are
sketched in Fig. 1, where for any given flow rate the pressure drop increases
with a'as shown. The temperature ratio corresponding to the minimum pressure
drop for any constant heat rate curve is termed the "critical" temperature
ratio. For temperature ratios greater than critical the change of pressure
drop with flow rate at constant heat rate to the gas is negative. This nega-
tive slope is associated with laminar flow. For temperature ratios less than
critical the slope is positive and the flow is usually turbulent.

Much attention has been devoted to the left or laminar portion of the
steady-state characteristic curves since this portion of the curve is believed
to be unstable; in fact the instability has been termed a "laminar instability'.
As a result of this laminar instability spontaneous flow excursions to higher

or lower flow rates are presumed to take place if one were to operate on the

negatively sloped portion of_a steady-state characteristic curve, assuming




that the pressure drop is held constant.

These characteristics have been noted theoretically -5 and have
also to some extent been observed in the laboratory 6_10. The purpose
of the present study is threefold: first, to design and construct an
apparatus for the investigation of the "laminar instability'" problem;
second, to obtain as extensive a set as possible of steady-state operating
data for a single flow passage; and third, to experimentally trigger and
observe an excursion at constant pressure drop from an unstable laminar
equilibrium point on the negatively sloped portion of a steady-state
characteristic curve to the corresponding stable turbulent equilibrium
point on the positively sloped portion of the same steady-state character-
istic curve., The experimental results will in each case be compared with
theoretical predictions. Excursions to lower flow rates will not be dis-

cussed herein.
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SYMBOLS

Cross~sectional flow area

Cross-sectional area of '"'reactor core'" associated with
single passage

Specific heat of "core' material

Specific heat at constant pressure of coolant
Tube internal diameter

Fanning friction factor

Gravitational acceleration

Forced convection heat transfer coefficient
Current

Tube length

Density of ''reactor core' material

Exponent of_ viscosity variation with temperature,

Exponent of friction factor variation with Reynolds
number, f = fo/Ren

Pressure
P = P2
Heat rate per unit inside surface area of tube

Average heat rate to gas per unit inside surface
area of tube

Gas constant
Hydraulic radius (rh = d/4 for round tubes)
Absolute temperature

Dimensionless time unit

Time




Subscripts
o

0

avg

max

Voltage
Mass flow rate

Viscosity

Reactor energy release rate

Final-to-initial gas temperature ratio

Initial constant

Value at unstable equilibrium point
Conditions at entrance to the flow passage
Conditions at exit of the flow passage
Conditions at wall

Evaluated at bulk conditions

Evaluated at film conditions

Average

Maximum

APPARATUS DESIGN

A major objective of the present work was to design and construct
an apparatus which would enable study of both the static and dynamic phenom-
ena occurring in parallel reactor passages 9. A tube bank consisting of one,
two, and possibly three heated flow passages was planned. It was felt that

these passages when connected to common headers would closely simulate a



reactor situation. However., by using only one tube in the apparatus at first,
it was felt that flow excursion phenomena could be adequately investigated.

Before actual apparatus design could begin, various preliminary calcu-
lations of flow characteristics accompanying different gases, tube geometries,
and heating rates were performed. Use was made of the non~dimensional para-
meters formulated by Harry 3 to obtain rough results. Although hydrogen gas
is the fluid of primary consideration in the actual nuclear rocket case, it
was rejected for safety reasons. Helium gas was found to exhibit much the
same flow behavior under safer, more easily maintained and measured conditions.
Helium is a desirable gas to use because it is inert and many of its properties
e.g., conductivity, specific heat, and viscosity are relatively close to those
of hydrogen.

An inlet temperature of 140°R was selected as the lowest temperature which
could be easily obtained; it is the temperature of boiling liquid nitrogen.

The initial design and construction was done with a view toward experi-
mentation with only one test passage. However, flow rate predictions and
plenum design were done in such a way that two parallel tubes could be used in
future operation.

A closed loop system was used (see Fig. 2) since it was economically de-
sirable to conserve the helium.

The test section was made from Nichrome V (80% nickel, 20% chromium)
tubing. Its dimensions .094" inside diameter, 4.5' length, and .020" wall
thickness supported desirable flow characteristics. The advantage of Nichrome

was its small variation of resistivity with temperature, making electrical re-

*
sistance heating a good method of simulating a "“heated reactor passage'.

* Data 1 indicates that the resistivity of heavy Nichrome wire will increase no
more than a few percent during heating from room temperature to 2000°F. While
this variation would lead to some non-uniformity in heat rate, it would not
affect the nature of the experiment.




In an effort to minimize heat losses which in general would increase
with an inc;ease in wail temperature, the test section was placed in a
vacuum chamber whose pressure was sufficiently low to eliminate significant
convection heat transfer from the outside of the tube. Thermal expansion
of the tube required use of a spring suspension system which would maintain
a tension on the tube at all times. This and the presence of a liquid nitro-
gen heat exchanger necessitated the placing of the entire assembly, i.e.,
heat exchanger, test section, and inlet and outlet plenums, inside the vacuum
tank. The tank and assembly are shown in Fig. 3.

As seen in Fig. 2 pressures in the inlet and outliet plenums were con-
trolled by regulators whose inlet flow was supplied from a high pressure
reservoir. Another low pressure or vacuum reservoir in the line upstream of
the circulating pump provided a low pressure dump for the flow leaving the
test section and outlet plenum regulator.

Gas temperatures in the inlet and outlet plenums were measured by copper-
constantan and shielded chromel-zlumel thermocouples respectivel&. Five
thermocouples silver-soldered to the test section enabled wall temperature
distributions to be measured. Maximum wall temperatures encountered in the
tests were well below the melting point of silver solder. Pressure drop
across the test section was read from a transducer indicator; all other pres-
sures of interest were measured with gauges. During initial testing, it
would be possible to operate with an inlet pressure, Pp» between 0 and 20 psig,
a éressure drop, Ap, of up to 10 psi, and an electrical power capacity cor-

responding to a heat rate of up to 96.4 watts.




STEADY STATE OPERATION

One-Dimensional Flow Analysis

An approximate solution to the steady one-dimensional flow of a
perfect gas in a constant-area flow passage with friction and heat addi-
tion was obtained by Harry 3. Harry's result for the case of uniform

heat addition is

RT f u, L Tmn + 2

2
1w _ o'l 1 -1 (&)
(A] (x Do+ i]n (mn + 2) (t - 1)

W
2ty E‘rh S/

Pavg fp = g

The first term in the square brackets represents the momentum pres-
sure drop while the second term represents the frictional pressure drop.
At low flow rates the frictional pressure drop dominates and at high flow

rates the momentum pressure dominates.

Steady~-State Flow Characteristics

In the present investigation helium gas enters the flow passage at
liquid nitrogen temperature (140°R). The steady-state characteristics
were calculated using Eq. (1). For laminar flow fd =16, n =1, m = 0.65,
and for turbulent flow f0 = 0,046, n = 0.2, m = 0.65. The results of these
calculations are shown in Fig. 4 for a number of gas heating rates.
Remember that in the steady~state all the heat, Q, goes into heating the

gas. The energy equation for the gas can be written simply as,

W - L
GO G - T) = ()

or in terms of the temperature ratio, Tt

_ L
Cp (t - 1) =Q (rh Tl)

W
(K—)

* The properties of helium used herein are those of Reference 12.




Fig. 4 shows that the pressure drop versus flow rate curves for constant
heat rate to the gas are concave upward. This indicates the existence of two
flow rates for any constant pressure drop. The temperature ratio is inversely
proportional to the flow rate for a constant heat input to the gas.

According to Harry 3 the flow is arbitrarily chosen as laminar up to a
Reynolds number of 2100 and turbulent down to a Reynolds number of 1000, where
the Reynolds number is evaluated at the film temperature, [Tf = (Tw + Tb)/2].
In this investigation the same criterion was employed except that the Reynolds
number was evaluated at the bulk gas temperature. Turney, Smith, and Juhasz
substantiate, by experiment, that this procedure yields reasonable results.
Test Procedure

Before any data were taken both the helium lgop and vacuum chamber sur-
rounding the test section were purged to the atmosphere. They were then
evacuated to a vacuum of approximately 0.01 torr. The vacuum chamber was
sealed off from the helium loop by closing the shut-off valve connecting the

: t

two. The helium'léop was filled éiga;helium gas from a high pressure storage
tank to a pressure of 18 psig. The liquid nitrogen was then allowed to flow
through the heat exchanger. The helium circulating pump and electrical heat-
ing were turned on. The inlet pressure was adjusted to 1 psig. The pressure
drop (independent variable) was controlled by the pressure regulator downstream
of the test section while the flow rate (dependent variable) was read from a
rotameter.

The system was assumed to be in steady-state when all the indicators were
reading constant values.

The steady-state characteristics relating pressure drop and temperature
ratio with flow rate for various electrical heat rates are shown in Fig. 5.

These data were obtained for a given electrical heat rate by increasing the

pressure drop, using the downstream pressure regulator, from approximately .25
to 4.0 psi. The pressure drop was increased in increments. After each

9




increase it took several minutes to reach steady-state conditions. When
steady-state conditions prevailed the appropriate measurements were taken.
The constant electrical heating curves in Fig. 5 were reproducible to within

approximately 7%.

In calculating the average heat rate to the gas, 6, using the equation

Q= ( —§~) Cp (T, - T;) it was found that Q varied significantly along curves

of constant electrical heat input as seen by Fig. 6. 1Ideally (in the steady-
state solution) all electrical heating should go into heating the gas. There~
fore, it was concluded that there were considerable heat leaks to the test
section. The heat leaks were such that even at zero electrical heating there
was substantial heating of the gas. An analysis of the heat losses was at-
tempted, but not all of the heat losses could be accounted for satisfactorily.

Nevertheless it was stili possible to generate the steady-state character-
istics for constant Q by connecting points of equal Q on each of the curves of
constant electrical heating. These curves are shown in Fig. 7. In the same
manner the temperature ratios for constant Q are also plotted in Fig. 7. Using
the technique just—described it was possible to generate the steady-state oper-
ating characteristics in the form illustrated in Fig. 1.

In comparing the theoretically calculated steady-state results of Fig. 4
with the experimental results of Fig. 7, the degree of agreement depends sig-
nificantly on whether the flow is laminar or turbulent. 1In the turbulent
region the pressure drop is in agreement to within approximately 10%Z. In the
laminar region, however, the experimentally observed pressure drop tends to
be as much as 56% greater than predicted using Eq. (1). The agreement is better
for higher flow rates and poorer for lower flow rates.

One might explain this rather poor agreement with theory in the following

manner. In the laminar region the frictional pressure drop dominates in the

equation for pressure drop. Since the frictional pressure drop is a strong

function of viscosity, thus temperature, it is thought that better agreement
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would have been established if the viscosity had been evaluated at the film
temperature. Better agreement might have followed if the friction factor
had accounted for radial temperature variations. Turney, Smith and Juhasz
accounted for both of these effects and also the pressure losses due to en-
trance and exit geometry. By numerically computing the pressure losses in
successive segments of their test section they achieved theoretical results
which agreed with experiment to within 10%. Their apparatus was of similar
construction to that of the present investigation except that they used normal
hydrogen gas as the test fluid and measured the wall temperature every few inches.
In the turbulent flow region the dominant pressure drop is that of the mo-
mentum change and the, effects mentioned above have é negligible contribution to
the pressure loss.
Remember also that the electrical heating is not strictly uniform and that
Eq. (1) is only an approximate solution for estimating the pressure drop with
uniform heat addition.
It might also be mentioned here that in trying to operate the apparatus
at low pressure drops, spontaneous oscillations in pressure drop, flow rate,
and temperatures were sometimes observed. It is thought that these oscillations
were in no way related to the 'instabilities or flow excursions of the kind dis-
cussed herein. Rather, they are thought to be a result of some mechanical in-
stability related to the construction of the apparatus (there were considerable
vibrations in parts of the helium loop caused by the vibrations of the circu-
.lating pump). By manually increasing the pressure drop to a point where the
oscillations ceased and after several attempts at slowly decreasing the pressure
‘drop, the low pressure drop operating points could be satisfactorily obtained in

steady operation.

11




! EXCURSION STUDIES

Stability of One-Dimensional Flow With Constant Pressure Drop

A time-dependent stability analysis was performed in Ref. 5 using a
perturbation technique. Results affirm the commonly accepted criterion that
flows of-the type discussed herein are subject to instabilities when the change
in pressure drop with weight flow at constant heat rate to the gas is negative,

i.e., instabilities may occur when

§£A£2_< 0

One physically explains the instability and flow excursions at constant pres-—
sure drop as follows: 1if a flow passage were being operated at an equilibrium
point on the left leg of the U-shaped characteristic curves shown in Fig. 7, an
excurison at constant pressure drop to a higher flow rate would require addi-
tional heat to the gas. This heat would be provided by further cooling of the
core and the excursion would continue; in an excursion from the same equilibrium
point to a lower flow rate at constant pressure drop the gas requires less heat.
Thus the additional heat goes into heating the core. Therefore, one concludes
that the left or laminar leg is unstable since unbounded excursions at constant
pressure drop may occur. For completeness excursions at constant pressure drop
are now examined for the right leg. Operating on an equilibrium point on the
right leg an excursion to higher flow rate at constant pressure drop would re-
quire a decrease in the heat rate to the gas and since the core is being cooled
by this increase in flow rate there is an increase in the heat rate to the gas -
and the flow is driven back to the equilibrium point. An excursion at constant
pressure drop to lower flow rate requires an increase in the heat rate to the
gas and to the core, but since the heat generation rate of the reactor is

constant the flow reverts back to the equilibrium point. Therefore, the higher

12




- flow rate equilibrium point is stable.

Excursions at Constant Pressure Drop
L 4
The analysis of an excursion at constant pressure drop was also done in
Ref. 5. The time for an excursion is given in dimensionless time units, T,

that are related to physical time by

el A [hl) t 2)
m @ \e /g
While the steady-state flow and heat transfer characteristics of a flow
passage are dependent solely on the fluid and internal geometry of the flow
passage, the time for an excursion is related to the heat capacity of the core
as shown in Eq. (2).

The time in dimensionless time units for an excursion to higher flow rate

uf)

T_d_a_ o - }
T {1+XY (L-n)d1lnQ ) 7 4 3)

mn + l _ _
T (__ [j(r - 1) (mn + 1) ] [ Q0 -Ql

at constant pressure is given by

where X and Y are defined as

thl (mn + 2)(t - 1)'cmn + 1 (Tmn + 2—l)
Q (mn + 1) (mn + 2)(t - 1)

-mn(l -~ %n_rl;]

]
Il

[ —
H
|
a,
5
~
>

Equation (3) can be evaluated numerically from any set of steady-state
operating curves. TFor example, in this investigation Eq. (3) was solved for
the steady-state characteristics of Fig. 7.

13




Test Procedure -
All flow excursions were run at a constant pressure drop of 1 psi. The
constant heating curve of Q = 0.376 BTU/sec—ft2 was chosen as the steady-state )

heating curve on which to base the excursions. Therefore, as seen in Fig. 8
the excursion would run from 60 = 0.376 (IV = 96.4 watts, %— = 1,17 1bm/sec—ft2)
to 6 = .376(IV = 0 watts, L. 2.90 lbm/sec~ft2) at a constant pressure drop of

A
1 psi.

The excursion was initiated by operating on the "unstable" laminar equi-
librium point of the left leg of the steady-state operating curve at
60 = ,.376 BTU/sec—ftz, Ap = 1 psi. The electrical heating was then shut off
to trigger the excursion. During the excursion the pressure drop and inlet
pressure were manually adjusted to maintain constant values of 1 psi and 1 psig
respectively. The gas exit temperature and flow rate measurements were recorded
at successive time intervals. The time-history results of such an excursion are
shown in Fig. 9. The curves shown are the average of three close runs that are
within 5% of each other.

Looking at Fig. 9 one sees that the general shape of an excursion curve
(i.e., the time-history of Q ) is described as follows: there is a gradual in-
crease in Q as the excursion first proceeds away from the unstable equilibrium
point; a rapid increase; a maximum; a rapid decrease followed by a gradual de-
crease in Q to its final stable equilibrium point corresponding to the original
value of Q. Since the shape and duration of the initial increase in Q is di-
rectly dependent on the means and magnitude of the initial perturbation, the
most meaningful way of comparing theory with experiment is perhaps to compare
the time it takes to go from 1/2 maximum (1/2 rise), approaching amax’ to 1/2
maximum (1/2 fall), leaving amax'

In the calculation of the excursion characteristics from Eq. (3), one must

know the value of Q.. In analyzing a nuclear reactor flow passage Q. is equal
0 0

to the heat rate to the gas at the initial unstable equilibrium point and from

14




Ref. 5 Eq. (17)

$0 @rh/A = 60

thus 60 is constant during an excursion since 60 is constant. Since it was
impossible to keep $0 (the equivalent of reactor energy release rate) constant
during an excursion on the present apparatus an upper and lower limit of the
value of 60 as a function of flow rate had to be established. A lower limit of
60 was chosen as that value of Q which corresponded to the zero electric power
input corresponding to the appropriate flow rate (Fig. 5). The upper limit of

60 was chosen as 0.376 BTU/sec—ft2 (initial equilibrium value) and was kept con-
stant during the excursion calculations. The actual time for an excursion would
be expected to fall somewhere in between these upper and lower 1limit calculations.
A sketch indicating the upper and lower limits of 60 is shown in Fig. 10.

The characteristic time was found from Eq. (2) to be 19.3 seconds,

(i.e., IT = 19.3 sec). This characteristic time is the same for all the ex-
cursions observed since the same initial unstable equilibrium point was used for
all excursions.

Applying Eq. (3) to the experimentally observed steady-state characteristics
of Fig. 7 yields the results shown in Fig. 11 and 12 for 60 = constant (upper limit)
and 60 # constant (lower limit) respectively.

In comparing theory (Fig. 11 and 12) with experiment (Fig. 9) one notices a
discrepancy in the values of amax' The theoretical curves are however based on
the steady-~state data of Fig. 7 which were reproducible only to within approxi-
mately 7%Z. Hence the value of amax of Fig. 9 is within expectations. However,
.because of this difference in the value of amax the times from 1/2 rise to 1/2
fall were compared at an average value of Q, i.e., Q = 0.450 BTU/sec—ftz' Using

‘this procedure one finds that for 50 = constant Eq. (3) predicts an excursion time
from 1/2 rise to 1/2 fall (at Q = 0.450) of 6T, 30% above the experimental value

of 4.7T. TFor Q, # constant theory predicts 3.5T, 28% below the experimental value.
0

15




The experimentally observed excursion time would be expected to lie some-
where between the upper and lower limits presented herein and does. Thus the
agreement of theory with experiment is certainly reasonable.

Not only does Eq. (3) predict excursion time reasonably well, but the ex-
periment tends to support the notion that an excursion is non-violent and non-
oscillatory in nature. Rather it is a steady procession away from an unstable
equilibrium point and the characteristic time is intimately connected with the

heat capacity of the core (or tube wall as is the case in the experiment).

CONCLUSIONS

In the present investigation steady-state operating characteristics have
been obtained experimentally for laminar, transitional and turbulent flow of
a gas flowing in a heated tube. Excursions from an unstable laminar equilibrium
point to a stable turbulent equilibrium point at constant pressure drop were
triggered and observed. It was shown that the time-history of an excursion is
directly related to the heat capacity of the core, and that an excursion is non-
violent and non-oscillatory in nature.

During an excursion the gas is heated and the heat rate to the gas reaches
a maximum at a flow rate just larger than that for a neutral disturbance. The
characteristic times were observed to be of the order of seconds to minutes and
the excursion was seen to be a steady procession away from an unstable laminar
equilibrium point to a stable turbulent equilibrium point. It also tends to
support the notion that with the aid of feedback mechanisms a nuclear rocket might
be operated in the "unstable'" region, since the characteristic time of an excursion .
in a nuclear rocket would be larger than those observed herein because the specific
heat of a reactor core would be larger than that of the Nichrome V tube used in
this experiment. Feedback mechanisms might even lead to better efficiencies in

operating in the '"unstable" laminar region since very high temperature levels

16




(limited only by core material limitations) may be obtained coupled with rela-
=
tively low propellant consumption rates, whereas operating in the turbulent
stable region one must be content to have a high propellant consumption, low exit
temperature nuclear rocket.

No conclusions can be drawn in this investigation concerning the mechanism
of triggering an excursion in an actual reactor. In order for the excursions to
occur at constant pressure drop in the present apparatus the excursion had to be
"forced" to proceed from the unstable laminar equilibrium point to the stable tur-
bulent equilibrium point by shutting off the electrical heating and constantly ad-
justing the pressure drop to remain constant. Conversely, in a nuclear rocket the

pressure drop between the plenums would always remain constant while a single

errant passage might experience a flow excursion due to some disturbance.

17
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Figure 3. Instrumentation and Test Section
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